The genetic code is no longer universal, even in nonmitochondrial genomes. Recent studies have implicated the eukaryotic release factor eRF1 in mediating coding changes that are not as inconceivable as once thought. Specific residues in eRF1 proteins can be correlated with specific code changes in a wide variety of taxa.
Once thought universal, the specific relationships between amino acids and codons that are collectively known as the genetic code are now proving to be variable in many taxa [1, 2] . While this realization has been disappointing to some -the genetic code was often hailed as the ultimate evolutionary anchor in that its universality was perhaps the indisputable piece of evidence that all life shared a common ancestor at some point -it has also opened up a rich field of evolutionary analysis, by forcing us to consider what sequence of molecular events in a cell could possibly allow for codon reassignment. A good example of such a study, published in this issue of Current Biology [3] , has provided compelling evidence that the translational release factor eRF1 has played an important role in the evolution of the genetic code in many taxa.
The standard view of the evolution of the genetic code had been that, once the code became fixed in some primitive lineage of organisms, then any coding change would be precluded because the transitory coding stage that a population must experience to change its code would be lethal [4, 5] . Consider, for example, mutations that change the charging specificity of a tRNA aminoacyl synthetase, such that it charged a glycyl-tRNA with arginine instead. Suddenly glycines are replaced by arginines thoughout the genome, which would undoubtedly cause irreparable cellular chaos. This could be thought of as the quintessential case of stabilizing selection: a 'Death Valley' in the adaptive landscape.
A pattern is emerging from the study of beasts that do not use the universal code -let us now call it the canonical code [6] -that makes code evolution not only comprehendible, but exciting. The first examples of noncanonical codes were found in mitochondria, and could easily be rationalized by the fact that mitochondria have a translation system partially independent of the nucleus, such that all sorts of nefarious genetics are possible [7, 8] . Since 1985 however, coding changes have been spotted in the nuclear systems of dozens of organisms, many of which are ciliated protozoans, but also Mycoplasma and other Firmicutes, some Diplomonads other than Giarardia, the yeast Candida and some other fungi, and Acetabularia and some other green algae [1] . The striking feature of a great preponderance of these coding changes is that they involve codons that are either untranslated or cause chain termination (see Figure 1) . Only the reassignment of the CUG codon from leucine to serine in Candida is known to depart from this trend. Most mitochondrial coding changes also involve untranslated or stop codons. On top of all this, the 'twenty-first amino acid', selenocysteine [9] is even incorporated into some proteins in organisms as diverse as Escherichia coli and humans via the 'umber' codon UGA.
What is it about these noncoding codons that puts them at risk for coding changes? In most cases a stop codon has been recruited to specify an amino acid. In these situations, the evolution is mediated by the appearance of a mutation in the anticodon of a tRNA or its cognate synthetase, such that the tRNA, charged with an amino acid, recognizes and base pairs with a canonical mRNA stop codon -UAA, UAG, or UGA -during translation on the ribosome. An important characteristic of stop codons may be that they are A+U rich, weakening the stability of the codon-anticodon base-pairing, at least when unchaperoned. It has been proposed that the relative instability of this interaction relegated these three codons to a termination role during the primordial development of the code [10] , in conjunction with thermodynamic arguments that the earliest versions of the code may have been dominated by G and C containing codons [11, 12] . It is interesting to note that many of the other evolutionary labile codons are A+U rich, such as the AUA and AAA codons that seem to flip-flop between assigned amino acids in several mitochondrial lineages [2] .
A curious problem with the discovery of non-canonical codes -and many such discoveries are certain to be forthcoming with the proliferation of genome studies -is that they may be biased to reveal changes involving stop codons, because these are the easiest to detect from nucleotide sequence data. Without corresponding protein sequences, the coding relationships of a gene are usually only found aberrant when canonical stop codons appear in the midst of the gene, and when these codons can be matched with amino acids appearing at the same positions in orthologous sequences from other organisms. Only the amino-acid sequence of a gene product or the identification of an unusual tRNA can confirm the existence of a non-canonical code.
Recent discoveries however, have again called for the arraignment of stop codons for their role in the disruption of the evolutionary anchor. Chain termination is not simply a matter of not having a tRNA to pair with a stop codon, such that the nascent protein is released from the ribosome when a stop codon is encountered. Termination can often only be ensured by having more than one stop codon back-to-back, and it always requires the recognition and binding of protein release factors to hydrolyze the peptidyl-tRNA bond that holds the final charged tRNA to the completed polypeptide. In eukaryotes, a single release factor, eRF1, usually recognizes all three canonical stop codons, and the loss of one of these codons from the chainterminating repertoire would presumably require a mutant eRF1 that no longer recognizes that stop codon [13] .
The first clues to elucidating, with hard molecular evidence, how non-coding codons could come and go without killing the organism, started to come about a year ago when the crystal structure of human eRF1 was solved [14] . Earlier, it had been speculated that release factors mimic tRNAs to carry out the unique task of recognizing stop, not amino-acid-coding, codons in the A site of the ribosome and catalyze release, not extension, of the nascent polypeptide [15] . The structure of the 442 residue human eRF1 [14] supports this notion; both eRF1 and a tRNA are approximately 70 Å in width, 25 Å in thickness, and have protruding, exposed loops at either end to interact with the polypeptide chain on one end and the mRNA codon on the other. The CCA stem of a tRNA is mimicked by a highly conserved GGQ sequence in the eRF1, in which the glutamine (Q) is plausibly positioned to catalyse hydrolysis of the peptidyl-tRNA bond in the adjacent tRNA, sitting in the P site of the ribosome. Similarly, a highly conserved motif, NIKS, was found to be looped out on the opposite end of the eRF1 and may mimic the anticodon.
A mechanism for a coding change was provided by Stansfield and colleagues' genetic studies of mutant eRF1 proteins in yeast [16, 17] . These studies revealed that specific amino-acid substitutions at sites close to the NIKS motif could promote readthrough past stop codons and thereby enhance nonsense suppression. Importantly, eRF1 mutations were identified that specifically suppressed particular stop codons: some suppressed just UGA stop codons and others suppressed just UAG stop codons. Yet other eRF1 mutations promoted readthrough at all three stop codons.
These data stimulated the hypothesis that particular mutations in release factors could allow a lineage to recruit a particular stop codon to code for an amino acid, by rendering that codon ineffective for chain termination. Subsequent tRNA-related mutations could then gradually bring an amino acid into use with that codon, without causing lethality. In their recent study, Lozupone et al. [3] have R64 Current Biology Vol 11 No 2
Figure 1
The canonical genetic code and the deviations from it that have been discovered to date in nuclear or primary (non-organellar) genetic systems. Codons are listed 5′ to 3′ as mRNA triplets. Amino acids specified by the codon in the canonical code are listed first. Known deviations, listed subsequently, include: the reassignment of stop codons or loss of codons into an unspecified (Usp) assignment (red); the reassignment of a codon from one amino acid to another (blue); and the use of a codon as a 'resume' codon in ssrA RNA (green). Deviations have been found in the nucleus of a wide variety of taxa and are: 1 the use of CUG for serine instead of leucine in Candida; 2 the loss of the AUA isoleucine codon from Micrococcus; 3 the use of UAA and UAG for glutamine in ciliated protozoans and green algae; 4 the use of UGA for tryptophan in Mycoplasma; 5 the use of UGA as a supressor codon specifying tryptophan in bacteria; 6 the use of UGA for cysteine in the ciliate Euplotes; 7 the use of UGA to encode selenocysteine (SeC); 8 the loss of the CGG arginine codon in Spiroplasma; 9 the loss of the AGA arginine codon in Micrococcus; and 10 the use of GCA as a resume codon in ssrA RNA. Many additional deviations from the canonical code have also been discovered in mitochondrial systems.
carried out a beautiful test of this hypothesis by determining the amino-acid sequences of eRF1 in organisms that use non-canonical nuclear codes. Ciliated protozoans as a group demonstrate at least four different genetic codes; in addition to some taxa using the canonical code, the UAR codons are used for glutamine in several taxa, and UGA is used for cysteine in some taxa and for tryptophan in others.
Lozupone et al. [3] compiled GenBank data from all known eRF1 sequences, and filled in critical gaps in this data set by obtaining new sequence data from seven additional ciliate species. A careful phylogenetic reconstruction of ciliate families by these authors provided evidence that many of these code changes occurred independently in more than one lineage. Thus, comparison of eRF1 sequences with code usage in many species should allow a powerful statement regarding the role of release factors in code evolution. And this is exactly what was found [3] (Figure 2 ).
Mutations at two eRF1 sites in particular were found to track changes in the genetic code perfectly. At residue 32, an isoleucine is found in all organisms with the canonical code or that have recruited the UGA codon for an amino acid, while valine is found in all organisms that have recruited UAR codons for glutamine. Notably, yeast eRF1 suppression mutants that are potential UGA suppressors have a phenyalanine at this position [17] . The inference is that mutations away from the standard isoleucine at residue 32 promote loss of recognition of eRF1 for certain stop codons. At residue 123, the pattern is even more remarkable. Here, a leucine is found in all organisms with the canonical code, a phenylalanine is found in all organisms that use UAR codons for glutamine, and an isoleucine is found in all organisms that use UGA for an amino acid. Here valine is found in definite yeast UGA suppressor strains, suggesting that mutations to phenylalanine at this position promote the loss of UAR stop codon recognition, while mutations Loss of stop codon recognition varying amino acids in the aminoterminal domain of eRF1. Four eRF1 molecules, in their approximate tRNA-like shapes [14] , are shown to represent the four genetic code possibilities found within ciliates [3] , with specific residues detected at critical positions that can determine which stop codon(s) the protein can recognize. Certain amino acids at these residues appear to restrict the range of stop codons the eRF1 can recognize, thereby freeing that organism to utilize canonical stop codons to specify amino acids. Only amino acid identities at two such residues are shown, up to eleven others may play a role in stop codon recognition [3] . The number of species (N) with like codes for which eRF1 sequences are currently available is indicated.
to isoleucine or valine promote the loss of UGA stop codon recognition.
Surprisingly the NIKS motif remained essentially invariant across codes, although several other mutations near the NIKS motif showed correlations similar to those found at positions 32 and 123, indicating that many residues in the first amino-terminal domain of eRF1 are responsible for stop-codon recognition specificity. It would seem that, once mutations become established at these sites, then the release factor is restricted to recognizing a smaller set of stop codons, 'releasing' them from only coding for chain termination.
Other molecular clues to the significance of stop codons come from considerations of cellular elements that promote the exact opposite response to release factors. One such element is small stable RNA (ssrA RNA) of bacteria. This multifunctional 360-nucleotide molecule, binds to the P-site of ribosomes in which translation has stalled because the mRNA is prematurely broken at its 3′ end and no codon exists for the next amino acid (see [18] for review). As a consequence of its unique secondary structure, ssrA RNA is able to provide both the 'resume' codon and eventually the stop codon, after a short tag sequence of about 10 amino acids has been added to the carboxyterminal end of the polypeptide. This tag, which targets the abortive gene product for cellular degradation, contains several alanine residues, including an alanine at the first, or 'resume' position. Alanine is perhaps a good choice; its codons, like those of proline, arginine and glycine, are G+C rich and thus serve as the antithesis of stop codons... go codons.
Our ever-expanding list of nonstandard genetics is not serving to unravel the unity of biology. Instead they are strengthening our understanding of the mechanisms of evolution.
